Abstract.
Introduction
It is well known that deep convection impacts the radical chemistry of the upper troposphere by supplying nitrogen oxide radicals (NO x = NO+NO 2 ) from combustion and lightning Pickering et al., 1996; Crawford et al., 1997; Jaegl e et al., 1998b] . More recently, model studies have proposed that deep convective transport of peroxides and aldehydes from the lower troposphere could provide a major source of hydrogen oxide radicals (HO x =OH+peroxy radicals) to the upper troposphere Jaegl e et al., 1997; Prather and Jacob, 1997; Crawford et al., 1999; M uller and Brasseur, 1999] . Particular attention in these studies has focused on CH 3 OOH, which is present at ppbv levels in the lower troposphere and can be transported to the upper troposphere in deep convection without scavenging on account of its low solubility in water Mari et al., in press] . Aircraft observations in the upper troposphere have shown evidence for enhanced HO x in convective out ows Brune et al., 1998 ] and also for enhanced CH 3 OOH Cohan et al., 1999] .
Concurrent measurements of HO x , peroxides, and HCHO in the upper troposphere were rst made during the SONEX aircraft mission over the North Atlantic, but the convective out ows sampled in this mission contained su cient water vapor to dominate the supply of HO x Jaegl e et al., submitted in June 2000].
A greater relative importance for CH 3 OOH might be expected in the tropical upper troposphere, where water vapor mixing ratios in convective out ows are less because of the lower temperatures Jaegl e et al., 1997].
We present here the rst direct observational evidence of enhanced HO x concentrations from convected CH 3 OOH in the tropical upper troposphere. Our analysis is based on data from an aircraft ight at 10 km altitude over the South Paci c during the NASA Paci c Exploratory Mission{Tropics B (PEM{Tropics B). That ight featured repeated sampling of an aged convective out ow and of the neighboring background over a 4-hour period from sunrise to mid-morning. 
Observations
The PEM-Tropics B aircraft mission took place in March{April 1999 to investigate tropospheric chemistry related to ozone and aerosol formation over the tropical Paci c Raper et al., this issue] . We focus here on ight 15 of the DC-8 aircraft which took place northwest of Tahiti on April 2, 1999. The goal of this ight was to study the evolution of HO x and NO x radicals in the upper troposphere across sunrise and into the morning hours. The aircraft ew a back-and-forth pattern at a constant 10 km altitude from 5.7 LT to 9.7 LT, over a track extending two degrees in a SW-NE axis centered at 13S, 208.5W (Figure 1 ). This track was intended to sample a uniform air mass over the 4-hour sampling period, so that solar elevation would be the only changing variable. In fact, one end of the ight track (C in Figure 1 ) sampled an aged convective out ow while the rest of the track sampled typical background conditions. press]. The C 2 H 2 and CO mixing ratios are low in both air masses and characteristic of clean southern hemispheric air. The water vapor concentration in region C is three times higher than in region B but the relative humidity is still only 35 %. According to the classi cation of Cohan et al. 1999] , the air sampled in region C was characteristic of an aged convective out ow having subsided over the ight track.
The time series of HO 2 and OH concentrations (Figure 2) show increases during the morning hours driven by the increasing solar elevation. A discussion of this diurnal pattern, for ight 15 and for the other sunrise and sunset ights from PEM-Tropics (B), is presented by Brune et al. in preparation] . In this paper, we only discuss HO x measurements after sunrise (between 7 and 9.67 local time). Superimposed on the diurnal increase in Figure 2 are enhancements of HO 2 concentrations by a factor of two or more at each return of the aircraft into the convective out ow region C. These HO 2 enhancements are synchronous with CH 3 OOH enhancements ( Figure 3 ). Enhancements of OH concentrations in the convective out ow are hardly detectable from the noise of the instrument ( Figure 2 ) and are in any case much less than for HO 2 . Using a photochemical model, Cohan et al. 1999 ] previously found that a HO 2 enhancement in the upper troposphere due to convected CH 3 OOH does not imply the same enhancement for OH, because the added source of HO x in the convective out ow (CH 3 OOH photolysis) is balanced by the additional OH sink from oxidation of CH 3 OOH. We will come back to that point in the next section.
Photochemical model analysis
We use the Harvard photochemical point model Jacob et al., 1996; Jaegl e et al., 1998a; Schultz et al., 1999] The model captures the shape of the increase in concentrations as the morning progresses Brune et al., in preparation] , the HO 2 enhancement in the convective out ow region C, and the lack of a corresponding OH enhancement. However, the model is about 30 % too high for HO 2 . It also underestimates OH concentrations and the possibility that an instrument artifact contributes a small signal (0:5 10 6 molecules cm ?3 ) is being investigated Brune et al., in preparation] .
We examine further the HO x enhancement in convective out ow by focusing on two point simulations typical of the two chemical environments sampled by the 8 aircraft. The average composition given for convective out ow and background troposphere in Table 1 are used to constrain the model, except for HCHO computed at steady state. The same local time (9 a.m.) is used for both to avoid any variation in radical concentrations due to change in solar zenith angle. Table 2 gives the 24-hour average HO x concentrations, sources, and sinks for these two points, along with local 24-hour average ozone production rates and formaldehyde mixing ratio. Concentrations of peroxy radicals are about 50 % larger in the convective out ow than in the background troposphere, and the ozone production rate is correspondingly larger (0.99 ppb day ?1 vs. 0.83 ppb day ?1 ).
The largest source of HO x in both cases is HCHO photolysis, but since HCHO in the model is speci ed from chemical steady state it does not provide a primary source of HO x but rather an ampli cation of the primary source Jaegl e et al., 1997, submitted in June 2000]. As seen in Table 2 , the increase in the primary HO x source in the convective out ow is driven by CH 3 OOH photolysis (5 times larger in the convective out ow). The source of HO x from ozone photolysis in the convective out ow is only 60 % that from CH 3 OOH photolysis. This result can be compared to the photochemical model study by Cohan et al. 1999 ] of a fresh convective out ow with 700 ppmv H 2 O (82 % relative humidity) in PEM-Tropics (A), where ozone photolysis remained the major source of HO x in the out ow despite the CH 3 OOH enhancement. The convective out ow examined here is much drier (200 ppmv), presumably because it originated from higher altitude.
The lack of OH enhancement in the convective out ow in the model is due to increased loss from reaction with CH 3 OOH. Because of this reaction the OH/HO x concentration ratio is lower than in the background atmosphere, largely compensating for the e ect of the higher total HO x concentrations.
3.2. Sensitivity to the CH 3 O 2 +HO 2 reaction rate constant As shown in Figure 2, However, the compilation also estimates a factor of 2.9 uncertainty for the rate constant at that temperature. We conducted a sensitivity simulation for ight 15 with k CH 3 O 2 +HO 2 = 1:1 10 ?12 cm 3 molecules ?1 s ?1 , corresponding to the upper end of the estimated uncertainty. As seen in Figure 2 ( 
Conclusions
We have used concurrent observations of HO 2 , OH, CH 3 OOH, and H 2 O 2 concentrations from an aircraft ight at 10 km altitude over the South Paci c to provide the rst direct experimental evidence for the role of convective transport of CH 3 OOH as a major primary source of HO x in the tropical upper troposphere.
The aircraft ew a back-and-forth pattern in and out of an aged convective out ow from sunrise to midmorning. Concentrations of HO 2 were enhanced by 50 % in the convective out ow and this enhancement could be explained by the synchronous increase observed for CH 3 OOH. No signi cant enhancement of OH was observed in the out ow, and this could be explained by an increase in the OH sink from reaction with CH 3 OOH. Our results thus emphasize the need to account for convective transport of CH 3 OOH in chemical models of the upper troposphere.
We found substantial evidence that the standard rate constant used in models for the reaction CH 3 O 2 + HO 2 ! CH 3 OOH is too low by about a factor of 3 at the low temperatures of the upper troposphere. In our standard simulation, Tables   Table 1. Table 1 ), region B corresponds to the background troposphere, region C to a convective out ow. 
